Comparison of Aluminum Alloy and CFRP Bumpers for Space Debris Protection  by Higashide, Masumi et al.
 Procedia Engineering  103 ( 2015 )  189 – 196 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Curators of the University of Missouri On behalf of the Missouri University of Science and Technology
doi: 10.1016/j.proeng.2015.04.026 
ScienceDirect
The 13thHypervelocity Impact Symposium 
Comparison of Aluminum Alloy and CFRP Bumpers 
for Space Debris Protection 
Masumi Higashidea,*, Takumi Kusanob, Yuu Takayanagib, Kazuyoshi Araib, Sunao Hasegawac 
aJapan Aerospace Exploration Agency, 7-44-1 Jindaiji Higashi-machi, Chofu, Tokyo 182-8522, Japan 
bHosei University, 3-7-2 Kajino-cho, Koganei, Tokyo 184-8584, Japan 
cJapan Aerospace Exploration Agency, 3-1-1 Yoshinodai, Chuo, Sagamihara, Kanagawa 252-5210, Japan 
Abstract 
The important components of a spacecraft require protective shielding from space debris impact.  However, shields increase the total 
weight of a spacecraft. Carbon fiber reinforced plastic (CFRP) is well known as a high-strength and light-weight material.  The purpose of 
this study is to evaluate availability of CFRP bumper shields.  The kinetic energies of the debris clouds generated from the bumpers were 
focused on.  Hypervelocity impact experiments were conducted on aluminum alloy and CFRP bumpers.  Based on the results of 
preliminary experiments, it was possible to identify the origin of a crater on a witness plate as being aluminum or CFRP by examining the 
crater surface.  The kinetic energies of fragments in debris clouds were calculated using debris cloud images captured with a high speed 
camera and the results of microscopic examination of craters on witness plates.  When the CFRP bumper had larger thickness than the 
projectile diameter, the CFRP bumper seemed to reduce the kinetic energy of debris cloud than the aluminum alloy bumper.  
Consequently, CFRP debris bumper is considered to show availability if debris smaller than the bumper thickness impacts on the bumper. 
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Nomenclature 
df diameter of fragment (cm) 
p crater depth on witness plate (cm) 
r crater position on witness plate (mm) 
vf impact velocity of fragment (km/s) 
E Young’s modulus for witness plate (GPa) 
H Brinell hardness of witness plate 
S standoff distance between bumper and witness plate (mm) 
ρf density of fragment (g/cm3) 
ρw density of witness plate (g/cm3) 
φ spray angle (°) 
1. Introduction 
The amount of space debris orbiting Earth has increased significantly.  In low-Earth orbit, unmanned spacecraft is 
believed to be impacted by submillimeter-sized debris several times during its operational lifetime.  This necessitates the 
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design of protective shielding for the important components of the spacecraft.  However, installing shields effects the total 
weight increase of the spacecraft.  Carbon fiber reinforced plastic (CFRP) is well known as a high-strength and light-weight 
material.  Damage of CFRP laminate plate caused by low velocity impact have been reported by many researchers [1-3].  In 
the cases of hypervelocity impact damage researches assuming space debris impact, CFRP has been used as facesheets of 
honeycomb sandwich panels [4-6] because CFRP-AL honeycomb sandwich panels are frequently employed as structure 
material of spacecraft.  M. Wicklein et al. investigated hypervelocity impact damage of CFRP laminate plates without 
honeycomb core [7].  The aim of their study is to obtain material model data set of CFRP for numerical simulation.  Internal 
delaminations of impacted CFRP plates were inspected by ultrasonic scanse.  The ballistic limit of CFRP laminate plates 
against hypervelocity impacts has been researched [9-10].  In hypervelocity impact experiments, large delaminations were 
observed on the surface and inner layers of the plates.  Because a CFRP laminate plate sustains internal damage as a result 
of a debris impact, the plate’s strength is diminished after such an impact.  Thus, CFRP is not highly resistant to debris 
impact.  However, a part of the debris impact energy is expended by the delamination of the CFRP plate.  When CFRP is 
used as a debris bumper shield material, the bumper is considered to absorb a part of the debris impact energy. 
A double-wall shield structure is a well-known type of debris shield [11-12].  A thin bumper is installed in front of a 
structure wall at a certain standoff distance.  A piece of debris impacts the thin bumper and it is changed into fragments (a 
debris cloud).  The debris cloud expands in the standoff space between the bumper and the structure wall.  Since the debris 
impact energy is dispersed, the damage to the structure wall per unit area is less than that which would be produced by 
direct impact of the debris on the wall.  To know the kinetic energy of the debris cloud is one of important factors for 
determination of the protective capability of the bumper.  Therefore, the purpose of this study is to evaluate availability of 
CFRP debris bumper by comparison of kinetic energies of debris clouds generated from CFRP and aluminum alloy bumpers. 
2. Method for calculation of kinetic energy of debris cloud 
The kinetic energy of debris clouds generated behind bumpers was calculated from the results of hypervelocity impact 
experiments.  The experimental configuration is shown in Fig. 1.  A spherical projectile strikes a bumper at a normal angle, 
and a debris cloud is produced behind the bumper.  In the experiments conducted in this study, the expansion of the debris 
cloud was recorded using a high speed camera at exposure time of 250 ns.  The debris cloud generated behind a CFRP 
bumper is like mist, as shown in Fig. 2.  Therefore, it is difficult to identify individual fragments from the images obtained 
by the camera.  The structure of the debris cloud was investigated by A. J. Piekutowski [13].  This research showed that the 
fragments produced by the impacting projectile and the broken bumper are distributed near the outer surface of the debris 
cloud, i.e., the debris cloud can be considered a hollow structure.  Thus, in this study, the positions of all fragments were 
assumed to be located on the outer surface of the debris cloud.  According to this assumption, the velocity of the fragments 
in the debris cloud is the expansion velocity of the debris cloud’s outer surface.  Another assumption is that the debris cloud 
originates from an impact point on the back surface of the bumper, so the expansion velocity of the debris cloud’s outer 
surface can be expressed as a function of the spray angle, as shown in Fig. 3.  In this study, a witness plate was installed  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Experimental configuration to measure debris cloud from bumper. Fig. 2. High speed camera image of debris cloud from 1.2 mm CFRP 
bumper produced by impact of 1 mm aluminum sphere at 6.6 km/s. 
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Fig. 3. Definition of spray angle. 
 
behind each tested bumper to obtain the crater produced by each fragment in the debris cloud.  According to B. G. Cour-
Palais [14], the relationship between a crater and an impactor is given by 
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The diameter of a fragment can be determined from the crater depth, the impact velocity of the fragment, and the density of 
the fragment because the material properties of the witness plate are known.  The crater depth is measured using a 
microscope.  The impact velocity of the fragment is obtained using data from the high speed camera and a crater on the 
witness plate.  The spray angle of the impacting fragment is calculated based on the crater position and the standoff distance 
between the bumper and the witness plate, using the following equation. 
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As described above, based on the results of analysis of the high speed camera images, the impact velocity of a fragment can 
be expressed as a function of the spray angle.  Consequently, the density of a fragment is an unknown value in Eq. (1) 
because the fragment may originate from either the projectile or the bumper. 
Preliminary impact experiments were performed using a CFRP bumper to investigate the origins of fragments based on 
examination of the craters.  This experiment was performed using a two-stage light gas gun at the Kyushu Institute of 
Technology.  The target setup is shown in Fig. 4.  A copper witness plate was installed behind the bumper.  A steel sphere 
was launched towards the bumper at approximately 4 km/s.  The resulting craters on the witness plate are shown in Fig. 5.  
The craters were inspected using a microscope, and the craters were categorized as having either a smooth or rough surface.  
The elemental distributions in the craters were analyzed using an electro probe microanalyzer.  The analysis results are 
shown in Fig. 6.  The colored portions indicate the existence of a given element.  The center and right images depict the 
amount of steel and carbon, respectively.  In smooth craters, steel was detected over the entire area.  Therefore, the origin of 
smooth-surfaced craters was the steel projectile.  In contrast, steel was barely detected in the rough craters, and more carbon 
was detected in the rough craters than in the smooth craters.  Consequently, the origin of rough-surfaced craters was 
considered to be the CFRP bumper.  Some of the steel fragments were considered to have melted as a result of the impact, 
but the carbon fragments did not melt because the melting temperature of carbon is significantly higher than that of steel.  
The difference in the melting temperatures of the two materials was thought to be responsible for the differences observed 
in the crater surfaces. 
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Fig. 4. Target setup in preliminary experiment. Fig. 5. Craters on copper witness plate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Elemental distributions of two craters. Top and bottom images show inspection results of a smooth-surfaced and rough-surfaced crater. 
 
The density of an impacting fragment can be estimated by crater surface observation using a microscope.  The diameter 
of the impacting fragment can be calculated from Eq. (1).  Assuming that the fragment is spherical, its mass can be 
estimated.  The translational kinetic energy of the fragment can then be calculated.  The sum of the kinetic energies of the 
fragments was defined in this study as the kinetic energy of the debris cloud. 
3. Comparison of aluminum alloy and CFRP bumpers 
To assess the protective capabilities of CFRP bumpers, hypervelocity impact experiments were conducted on aluminum 
alloy and CFRP bumpers.  A6061-T6 plates were used as conventional aluminum alloy bumpers.  The thicknesses of the 
aluminum alloy bumpers were 0.5, 1.0, and 1.5 mm.  CFRP bumpers were molded from IMS60/133 unidirectional prepreg 
manufactured by Toho Tenax Co., Ltd.  Quasi-isotropic laminated plates were used.  The thicknesses of the CFRP bumpers 
were 0.6, 1.2, 1.8, and 2.3 mm (4, 8, 12, and 16 ply laminations).  The 12 ply CFRP bumper had almost the same areal 
density as the 1-mm-thick aluminum alloy bumper.  Spheres made of A2017 aluminum alloy were employed as projectiles 
because this is one of the main materials found in space debris.  In each test, an aluminum alloy sphere 1 mm in diameter 
Smooth surface Smooth surface Smooth surface 
Rough surface Rough surface Rough surface 
5 mm 
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was launched using a two-stage light gas gun at ISAS/JAXA at approximately 6.5 km/s.  An aluminum alloy (A2024-T3) 
witness plate was installed 75 mm behind the bumper. 
A photograph of the 1.8-mm-thick CFRP bumper after the impact experiment is shown in Fig. 7(a).  Large peelings of 
the outer layer were observed on both surfaces.  The perforated hole was not clearly circular in shape.  Chopped carbon 
fibers appeared in the hole.  A photograph of the 1-mm-thick aluminum alloy bumper, which had almost the same areal 
density as the 1.8-mm-thick CFRP bumper, is shown in Fig. 7(b).  The diameter of the hole in the aluminum alloy bumper 
was 4.22 mm, whereas the diameter of the hole in the CFRP bumper was 2.37 mm.  The difference in the size of the 
perforated holes can be assumed to have been due to either the difference in their thicknesses or differences in the properties 
of the materials. 
The kinetic energies of the debris clouds produced behind the aluminum alloy and CFRP bumpers were calculated using 
the method previously described.  The energy reduction ratio was calculated by dividing the kinetic energy of the debris 
cloud by the kinetic energy of the impacting projectile, as shown in Fig. 8.  The opened and closed circles show the results 
for the aluminum alloy and CFRP bumpers, respectively.  The kinetic energies of the debris clouds behind the CFRP 
bumper seem to be slightly smaller than the kinetic energies of the debris clouds behind the aluminum alloy bumpers.  
When the areal density of the CFRP bumper was 3.5 kg/m2, the kinetic energy of the debris cloud was almost equal to zero.  
The craters on the witness plate for this experiment are shown in Fig. 9.  In this case, only nine craters were measurable.  In 
this study, the smallest measurable crater depth was 10 μm.  Therefore, a portion of the projectile was assumed to have been 
broken into particles less than a few μm in size by the impact with the CFRP bumper.  Furthermore, the origins of the nine 
measured craters were projectile fragments.  The fragments originating from the CFRP bumper did not have sufficient 
kinetic energy to cause significant damage to the witness plate. 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Fig. 7. Perforated holes on (a) CFRP bumper and (b) aluminum alloy bumper.  Impact velocities were (a) 6.37 km/s and (b) 6.69 km/s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Energy reduction ratio of bumpers. Fig. 9. Witness plate used in experiment on 2.3 mm CFRP bumper. 
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The maximum crater depths on the witness plates are shown in Fig. 10.  For the aluminum alloy bumpers, the maximum 
crater depths were larger with an increase of areal densities.  However, for the CFRP bumpers, the opposite was true.  The 
crater depth distributions for the cases of bumper areal densities greater than 3 kg/m2 are shown in Fig. 11.  The CFRP 
bumper did not produce large craters because the fragment masses originating from the CFRP bumper were very small.  In 
the aluminum alloy bumper experiment, however, fragments originating from the bumper had large masses.  These large 
bumper fragments were considered to have contributed to increasing the damage caused by the projectile fragments.  The 
crater depth distributions for cases of bumper areal densities less than 1.5 kg/m2 are shown in Fig. 12.  In the CFRP bumper 
experiment, some large craters were observed on the witness plate around the impact axis, as shown in Fig. 12(a).  In this 
case, the projectile seems to have broken into only a few pieces. In the case of the 0.5-mm-thick aluminum alloy bumper, 
small craters were distributed uniformly, as shown in Fig. 12(b).  Both the projectile and bumper were broke into tiny 
fragments.  The thickness of the CFRP bumper shown in Fig. 11 was 2.3 mm and larger than the projectile diameter.  On the 
other hand, the CFRP bumper used in the experiment shown in Fig. 12(a) has 0.6 mm of thickness, which was smaller than 
the projectile diameter.  Since CFRP density is lower than aluminum alloy, the thin CFRP bumper could not produce 
sufficient impact pressure to break the projectile to tiny fragments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Maximum depth of crater on witness plate used in each experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Crater depth distribution of CFRP and aluminum alloy bumpers. 
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(a) (b) 
Fig. 12. Crater depth distribution of (a) CFRP bumper of 0.6 mm thickness and (b) aluminum alloy bumper of 0.5 mm thickness. 
 
4. Conclusion 
The debris clouds generated from CFRP and aluminum alloy bumpers were investigated by hypervelocity impact 
experiments.  Based on the results of preliminary experiments, it was possible to identify the origin of a crater on the 
witness plate by examination of the crater surface.  The kinetic energies of debris clouds behind the bumpers were 
calculated from data obtained using a high speed camera and microscopic examination of craters on witness plates, with 
some assumptions being made about the nature of the debris clouds.  The CFRP bumper which has thinner thickness than 
the projectile diameter could not break the projectile to tiny fragments sufficiently.  The kinetic energy reduction ratio of the 
thin CFRP bumper was comparable to the aluminum alloy bumper.  On the other hand, when the CFRP bumper had larger 
thickness than the projectile diameter, the CFRP bumper seemed to reduce the kinetic energy of debris cloud than the 
aluminum alloy bumper having almost the same weight as the CFRP bumper.  The maximum crater depth on the witness 
plate which was installed behind the thick CFRP bumper was also smaller than the crater of the aluminum alloy bumper 
experiment.  Consequently, CFRP debris bumper is considered to show availability if debris smaller than the bumper 
thickness impacts on the bumper. 
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